| INTRODUC TI ON
Dynamic variation of gradient severity is characteristic of left ventricular outflow tract (LVOT) obstruction in hypertrophic cardiomyopathy (HCM).
1,2 Obstruction may be spontaneously labile. Gradients may be provocable by activities of daily life such as standing, eating, or exercise and are an important cause of symptoms and disability.
2
The systolic pressure gradients across the LVOT cause symptoms due to increased LV pressure and work, coronary hypoperfusion, supply demand ischemia, 3 an instantaneous drop in ejection velocities and flow caused by obstruction, mitral regurgitation, tensionmediated diastolic dysfunction, inability to increase cardiac output with exercise, and occasionally frank hypotension. Moreover, the cardiomyocytes of HCM patients often demonstrate genetically determined inefficient energy utilization, and consequent depletion of high-energy phosphate moieties. 4, 5 Cardiomyocyte energy depletion, shown by phosphorus-31 cardiac magnetic resonance imaging, occurs in HCM patients irrespective of obstruction and is also present in genotype-positive, phenotype-negative patients before the development of hypertrophy. 6 Obstruction in HCM additionally exacerbates energy depletion by dint of the increased work. Similar reversible energy depletion occurs in aortic stenosis that can lead to systolic dysfunction. 7 In light of the adverse pathophysiology, it is not surprising that contractile impairment of varying severity occurs in some HCM patients with LVOT obstruction, even when the LV ejection fraction is normal or high. This systolic impairment is paradoxical because HCM is understood as a hyperdynamic condition, both of global LV function and at the granular sarcomeric level.
We have termed this phenomenon "dynamic systolic dysfunction due to LVOT obstruction." 4, [8] [9] [10] [11] [12] [13] It is most commonly manifest as a reversible mid-systolic drop in pulsed Doppler mid-LV ejection velocities and flow in patients with LVOT gradients >60 mm Hg; its characteristic spectral Doppler appearance has fostered the term the "lobster claw" abnormality. 8, 9 This flow abnormality is caused by a premature termination of longitudinal LV contraction.
10,11
We cared for two HCM patients with known latent obstruction who suddenly developed persistent systolic anterior motion (SAM)
at rest with unrelenting high resting gradients. These two patients developed apical and mid-ventricular ballooning, refractory cardiogenic shock, and heart failure. They improved intra-operatively immediately after surgical relief of LV outflow obstruction. 12 Their dramatic clinical course led us to search our databases for other patients with apical ballooning in obstructive HCM.
| ME THODS
This is a retrospective study of patients under our care who developed apical ballooning in the presence of obstructive HCM.
We searched the comprehensive research databases of the HCM
Programs of New York University Langone Health and Mount Sinai
West Hospital (formerly Roosevelt Hospital) in New York for all patients with an episode of acute LV apical ballooning. The databases comprise patients who provided consent to use their clinical information for research purposes beginning in 1999. Follow-up is acquired yearly, either in the clinic or by scripted telephone interview. These longitudinal registries have been approved by the respective IRBs of the institutions. The two previously reported cases 12 are included in the present case series.
| Diagnoses of obstructive HCM and apical ballooning
Hypertrophic cardiomyopathy with latent obstruction was diagnosed if a patient had asymmetric hypertrophy (ASH) ≥ 13 mm in the absence of a clinical cause for the degree of hypertrophy observed, and 
| Clinical characterization
Chronic HCM-related symptoms of exercise intolerance, dyspnea, angina, or syncope were tabulated as well as medications before the index admission. Details of the apical ballooning admission were recorded, including acute symptoms, initial ECG, laboratory values, echocardiogram, catheterization results, pharmacologic and other treatments, and outcome. Cardiogenic shock was diagnosed when there was prolonged hypotension systolic <80 mm Hg, cool extremities, and oliguria in the absence of any other cause of shock.
| Echocardiography
Echocardiograms were reviewed by one of two experienced HCM physicians (MS or BK). Detailed measurements were made from echocardiograms, during the ballooning episode, and before or after the episode, at a time when LV function was normal. If the patient had multiple echocardiograms performed on the ballooning admission, we selected the study with the highest CW Doppler LVOT gradient for measurement. We measured segmental LV wall thicknesses from 2D echocardiography as previously reported. 14 We measured mitral valve leaflet length as previously described and assessed abnormalities of the papillary muscles and chordae tendineae, both known associations with LVOT obstruction. [15] [16] [17] [18] [19] [20] [21] [22] Mitral anterior leaflets were measured from the tip of the leaflet to the aortic annulus, including the intervalvular fibrosa. Based upon previous work, anterior leaflets measuring >30 mm (>16 mm/m 2 ) were characterized as abnormally long. [23] [24] [25] Papillary muscle and chordal abnormalities position the mitral valve anteriorly in the LV cavity, subjecting it to the drag of ejection flow. 21, 22, 26 Exercise echocardiography with standing and supine post exercise gradient acquisitions was performed when indicated clinically as previously described. 1,2 Postprandial exercise echocardiography (SPEPP) was performed in two patients because the conventional treadmill stress echo showed post exercise SAM but gradients were not high enough to explain the patient's symptoms. 27 Mitral regurgitation was qualitatively assessed from grade 0-4. LV ejection fraction was calculated using Simpson's method.
Coronary angiography was performed in every case on either the day of or the day after admission. LV ejection fraction was qualitatively estimated. Cine-angiographic mitral regurgitation was qualitatively assessed from grade 0 to 4.
Cardiac magnetic resonance imaging was performed when indicated, measuring wall thicknesses in the short-axis views, assessing for SAM and quantitative measurement of late gadolinium enhancement (LGE).
| Statistics
Comparison of means of independent groups was performed by unpaired Student's t-test.
| RE SULTS
There were 13 HCM patients with an acute episode of apical ballooning, 0.9% of the 1519 HCM patients enrolled in our databases from 1999 to July 2017. All 13 patients had high CW Doppler LVOT gradients during their ballooning admission 92 ± 37 mm Hg; these were due to SAM, mitral-septal contact, and asymmetric septal hypertrophy. 
| Clinical features of HCM

| Clinical presentation of apical ballooning event
| Treatment of the ballooning episode
Acutely, twelve patients were treated with beta-blockade, 8 intravenously, in an attempt to reduce LVOT obstruction. The clinical course was complicated in seven patients (54%) who had persistent high degree obstruction. Five suffered both cardiogenic shock and heart failure, one had hypotension, and one had refractory heart failure.
Five patients required IV phenylephrine for blood pressure support, and 2 were treated with an intra-aortic balloon pump (IABP). Two patients with acute refractory cardiogenic shock and heart failure underwent emergent surgery to abolish LVOT obstruction. In these 2 patients, arterial pH was 7.23 and 7.18, respectively, from metabolic acidosis immediately before they were taken to surgery. A third patient had acute and persistent refractory heart failure and underwent urgent surgery to relieve her unrelenting outflow obstruc- 
| Echocardiography
At the time of their ballooning admission, the basal anterior septal LV segment was thickened in the 13 patients, average 15.2 ± 2 mm.
When LV cavity size and function were normal, it was 15.4 ± 2. The anterior septal thickening was less than that observed in the 1506 patients in our registries who did not have ballooning, 19.9 ± 6 mm, P < 0.00001. Wall thickening was absent or modest in the remaining segments. During the ballooning hospitalization, SAM with mitral-septal contact and resting LVOT gradients were noted all 13 patients, averaging 92 ± 37 mm Hg. In 10 of 13 patients, the initial echocardiogram, often obtained in the emergency department,
showed the highest gradient of the ballooning admission. However, in three patients, higher resting gradients were documented later, associated with partial recovery of LV systolic function. LV ejection fraction was 32 ± 10% with apical dilation, and apical and mid-LV hypokinesia/akinesia. The basal LV segments were spared, evidencing normal, or hyperkinetic contraction. Mitral regurgitation grade was 3.3 ± 0.8, moderately severe on average.
| Low or absent gradients when LV function was normal
Both before and after their ballooning episodes, in the unprovoked state, no patient had a resting LVOT gradient ≥30 mm Hg. However, mild SAM was noted in 11 of 13 (85%) patients and 7 (54%) had mild resting gradients < 30 mm Hg. In the whole group, dynamic gradients provoked either before or after the ballooning episode by either Valsalva or exercise were 115 ± 52 mm Hg. In eight cases, stress echocardiography using treadmill exercise was performed at a time when LV systolic function was normal; for 2 of these cases, testing Cardiogenic shock and heart failure (%) 5
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TA B L E 2 Clinical, echocardiographic, and catheterization variables of 13 patients at the time of their ballooning episode (Figure 2 ). This paper proposes that the ballooning is due to the sudden obstruction at rest, and unrelenting high LVOT gradients
| Cardiac catheterization
Coronary angiograms were either completely normal or showed mild luminal irregularities. No patient had a coronary stenosis >50%.
The peak-to-peak catheter LV intraventricular pressure gradient was measured in 10 patients and was 47 ± 26 mm Hg. LV cineangiography was performed in 6 patients; visually estimated ejection fraction averaged 27 ± 5%, and mitral regurgitation averaged grade 2.8 ± 1.7.
| Cardiac magnetic resonance imaging
Cardiac magnetic resonance imaging was performed as clinically indicated on 8 of 13 patients. In two it was performed before LV segmental systolic function had normalized. Thickening was localized to the anterior septum and averaged 15.1 ± 2.1 mm. Six patients had mild SAM with acceleration of flow in the outflow tract. Two patients had LGE encompassing 4 and 5% of the LV mass.
| Follow-up
Patients were followed-up for a median of 45 months after the diagnosis of HCM. Nine patients were treated with oral beta-blockade, two with beta-blockade and disopyramide, and 2 with warfarin. No patient who had not received surgery was treated with an angiotensin converting enzyme inhibitor or angiotensin receptor blockade. The one patient who could not take beta-blockade because of a drug-related rash had a second episode of severe chest pain 11 months later, associated with a 100 mm Hg LVOT gradient due to SAM, and a troponin rise to 2.3 ng/mL. LV wall motion was normal at that time. She was treated with IV metoprolol with resolution of symptoms and gradient, but the beta blocker was again discontinued due to drug rash. She remains limited. In the 13 patients at follow-up, NYHA class was 1.9 ± 0.7. All had normal LV systolic function, and no patient evidenced a resting LVOT gradient ≥30 mm Hg. Three patients continue to have moderate dyspnea after mild exertion due to latent obstruction. No patient expired. 
| D ISCUSS I ON
| Dynamic systolic dysfunction in obstructive HCM
A spectrum of dynamic systolic dysfunction with varying severity has been demonstrated in obstructive HCM patients even in patients with normal or high ejection fractions. showed an exacerbation of the reduction in forward flow after administration of dobutamine. 9 The mid-systolic drop in velocities and its spectral appearance may vary from patient to patient and from hour to hour depending on the severity of the outflow gradient, and the capability of the LV to overcome the obstruction.
However, the timing of the nadir always moves in precise lockstep with the peak velocity of the CW Doppler across the outflow tract and hence coincides with peak LV afterload. Afterload mismatch is caused by the extremely high impedance to flow from the mid-LV obstruction, and inherent inefficiency of sarcomeric energy utilization due to the cardiomyopathy of the mutated cardiomyocytes. 4 The same pathophysiologic factors are acting in mid-LV obstruction as in acute ballooning, albeit in ballooning the process is acute and due to LVOT obstruction. The slow development of apical aneurysms adds to the plausibility of the acute development of ballooning; they are both part of the spectrum of dynamic systolic dysfunction due to afterload and ischemia in HCM, differing in their rate of deterioration and capacity for resolution. 
| Previous reports
Left ventricular ballooning has been reported previously in isolated cases in HCM patients 33-37 but has not been mentioned as a possible complication of HCM in published reviews. 38, 39 To our knowledge, the 13 patients reported here represent the largest case series of patients with these associated problems. The paucity of prior reports could stem from the uncommon occurrence, mild ASH, or because HCM publications tend to originate from centralized outpatient HCM clinics. Ballooning admissions may first be seen in the emergency departments of community hospitals. 
| Variation in gradient during the ballooning admission
Temporal variation in the severity of LVOT obstruction is characteristic, as it depends upon dynamic changes in loading conditions and LV
contractility. An abrupt drop in LV contractility decreases the hydrodynamic force on the mitral valve, decreasing the tendency for SAM and thereby reducing LVOT obstruction and gradient. This is the mechanism whereby negative inotropes decrease obstruction.
40,41
Thus, it would be anticipated that a severe insult to LV systolic function would decrease the originally high LVOT gradient. Conversely, recovery of LV systolic function would be expected to result in an increase in gradient. An increase in LVOT gradient observed in three of our patients during their ballooning episode followed this pattern. We think it is unlikely that our patients have two coincident conditions, HCM and TTS, to explain both their chronic HCM illness and their acute ballooning for the following reasons:
1. For our 13 patients, high provocable gradients due to SAM, and the morphologic predispositions to SAM of HCM were present temporally remote from the ballooning episode, at a time when the LV systolic function was normal. All the patients had asymmetric septal hypertrophy and latent LVOT obstruction due to SAM before and/or after the acute episode. In this regard, in 10 of 13 our patients, we found abnormalities of the mitral valve that previously have been associated with obstructive HCM. It has increasingly been appreciated that mitral abnormalities predispose to obstruction in HCM patients with only mild degrees of hypertrophy, as in the present series. [15] [16] [17] [18] [19] [20] 24, 26 Thus, mitral-septal contact was shown by provocation to be inherent to their HCM with latent obstruction, and not from their ballooning, per se.
2.
Two patients with known previous HCM and latent obstruction suddenly developed unrelenting high resting LVOT gradients and apical ballooning, refractory cardiogenic shock, and heart failure and did not respond to fluids, high dose IV beta blockers, or phenylephrine. However, their severe LV dysfunction, shock, and heart failure normalized within 2 hours of surgically 
3.
It has been hypothesized that the SAM observed in TTS might be due to compensatory hyperkinesia of the basal LV, leading to narrowing of the base, high LVOT velocities at that locus, and SAM by a Venturi mechanism. Thus, it has been hypothesized that the SAM of TTS is due to the TTS itself. However, current thinking and the preponderance of evidence about SAM in HCM is that it is caused by flow drag, the pushing force of flow. 21, 25, 44 As ejection flow sweeps around the bulging septum, it catches the mitral valve from behind and pushes it into the septum, rather than pulled by a Venturi mechanism. LVOT velocities are low in obstructive HCM when SAM begins, precluding Venturi forces as a mechanism. 21, 44 Thus, in our 13 patients, the SAM is inherent to their well-documented HCM with latent obstruction and not attributable to coincident TTS.
4.
As summarized here, obstruction in HCM patients causes dynamic systolic contractile dysfunction even in patients with normal or high ejection fraction; this is reversible upon relief of SAM. [8] [9] [10] [11] [12] [13] There is no compelling need to posit another neurohumoral mechanism. Thus, our principal hypothesis is that the reversible apical ballooning was caused by LVOT obstruction, afterload-mismatch and supply demand ischemia, not as a result of a separate process. HCM has been described as the "great masquerader" in cardiology. 45 In the 13 cases described herein, we posit that obstructive HCM has taken on another guise, that of the perpetrator of acute dilatation and severe systolic dysfunction of the apical and mid-LV myocardial segments.
| Why these HCM patients? Why ballooning now?
The sudden development of persistent resting obstruction in the elderly has been repeatedly reported even in patients with isolated 
| When is surgical intervention indicated?
We have considered disopyramide in these patients but have not administered it out of concern that it might reduce already severely compromised LV function. However, it might be considered in a patient with severe obstruction and heart failure who could not be operated because of comorbidity. 
| CON CLUS IONS
The clinical course of patients with hypertrophic cardiomyopathy and latent LVOT obstruction can rarely be complicated by LV api- Beta-blockade is the mainstay of pharmacologic treatment, but three patients required urgent surgery to relieve obstruction for refractory cardiogenic shock in two, and refractory heart failure in one.
As reviewed in this manuscript, dynamic systolic dysfunction to a lesser degree is common in obstructive HCM patients, even when the ejection fraction is normal or high. We propose as a hypothesis that the patients described herein suffer from the same phenomenon, albeit much more severely. We propose that their paradoxical apical ballooning is caused by sudden worsening of latent LVOT obstruction, afterload-mismatch, and supply demand ischemia. Since obstruction is latent both before and after the ballooning event, when LV systolic function is normal, provocation with Valsalva's maneuver, standing, and exercise echocardiography is essential for a full appreciation of the dynamic obstructive nature of the pathology.
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